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Abstract: We propose a new, user-friendly and accessible approach for fabricating thin phantoms
with controllable absorption properties in magnitude, spectral shape, and spatial distribution.
We utilize a standard office laser color printer to print on polyurethane thin films (40 – 60 µm),
commonly available as medical film dressings and ultrasound probe covers. We demonstrate
that the optical attenuation and absorption of the printed films correlate linearly with the printer
input settings (opacity), which facilitates a systematic phantom design. The optical and acoustic
properties of these polyurethane films are similar to biological tissue. We argue that these thin
phantoms are applicable to a wide range of biomedical applications. Here, we introduce two
potential applications: (1) homogeneous epidermal melanin phantoms and (2) spatially resolved
absorbers for photoacoustic imaging. We characterize the thin phantoms in terms of optical
properties, thickness, microscopic structure, and reproducibility of the printing process.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Phantoms are indispensable in the development, validation, optimization, and quality control of
any new technique in biomedical optics. An adequate phantom has known optical properties
that can be controlled with high accuracy while mimicking the optical properties of tissue in
the desired wavelength range. In the case of photoacoustic phantoms, not only the optical but
also the acoustic properties should match those of biological tissue. Many phantom fabrication
approaches are available in biomedical optics, based on either liquid or solid phantom matrix
materials (e.g. water, hydrogel, silicone, polymer, and gel-based), a wide variety of light scatterers
(e.g. lipid droplets, microspheres, powders) and different types of light absorbers (e.g. dyes,
printer toner, black silicone) [1–6]. Some of the phantom fabrication approaches involve highly
complex geometries and functions [7–12].

Although highly advanced approaches for phantom fabrication are effective, not all biomedical
optics laboratories have the necessary resources and equipment to produce these phantoms.
In particular thin phantom layers (<100 µm) with controllable optical properties are difficult
to fabricate without advanced equipment such as spin coating, lithography, and 3D-printing
[8,13–17]. These thin phantom layers are of particular interest to mimic the thin tissue layers, for
example, epithelial tissue and vascular structures.

We propose a new approach to fabricate thin phantom layers with controllable absorption
properties in magnitude, spectral shape, and spatial distribution. Compared to the available
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methods for thin phantom layer fabrication, our proposed method is easy to implement in any
lab environment as it utilizes a standard office laser printer to print four toner colors (yellow,
magenta, cyan, and black) on thin, polyurethane films. These polyurethane films are commonly
available as medical film dressings (thickness ∼ 40 µm) and ultrasound probe protection covers
(thickness ∼ 60 µm). To further enhance the usability of this approach, we introduce and test a
method to directly relate the printer input settings (opacity) to the optical properties of the printed
film. We demonstrate two potential applications for these thin phantom layers: 1) homogeneous
epidermal melanin phantoms and 2) spatially resolved absorbers as phantoms for photoacoustic
imaging. Printing phantoms for testing imaging systems is not entirely new, it has been previously
demonstrated in X-ray imaging [18–20] and in photoacoustic imaging [16,21]. In our work, we
aim to advance this approach by optimal material selection in terms of both optical and acoustic
properties, establishing a reproducible printing procedure, using all toner colors instead of a
single (mostly black) toner, and demonstrating control over the optical properties of the printed
phantoms.

The relevance of the first application relates to the necessity of having reliable epidermal
melanin phantoms for characterizing the influence of skin color on optical device performance.
Many optical techniques unintendedly suffer from a readout bias towards darker skin tones
[22–25]. The epidermal melanin phantoms in this paper have been optimized for transcutaneous
bilirubin measurements on newborn skin, which has an average epidermal thickness of 43 µm [26].
The absorption properties of the epidermal melanin phantom are optimized for the wavelengths
450 nm and 550 nm, which are commonly used in many commercial bilirubin meters.

The second application builds upon one of the current challenges in photoacoustic imaging.
There already exists a significant body of research on phantom development in photoacoustic
imaging [7–12]. Developing complex vascular phantoms with accurate ground truth information
using current solid phantom technologies remains a challenging task. While the current techniques
make it feasible to create test phantoms with simple geometric inclusions, achieving precise
ground truth structural information is difficult [2]. Deviation from the ground truth structural
information is common due to the chemical fabrication process, which often involves heating,
cooling, and the use of molds for casting. An alternative approach is to manufacture a phantom
and obtain the ground truth information by imaging it using CT or MRI [27]. Printing vascular
structures was previously tested in photoacoustic imaging [16,21], especially in the context
of tomographic imaging systems. In this work, our objective is to build upon the existing
approach by focusing on appropriate material selection for printing and developing a method
for photoacoustic imaging using a linear transducer array. By employing the proposed phantom
printing approach, we can create phantoms with complex vascular structures that possess both
ground truth information and controllable optical absorption. The significance of this method
lies in its potential to facilitate the testing of image reconstruction algorithms and quantitative
imaging techniques.

In this study, we characterize the geometrical and optical properties of the polyurethane films
and the printed toner colors using collimated transmission, optical coherence tomography, white
light microscopy, and photoacoustic imaging. Based on the absorption spectra of the pure toner
colors, we develop a model to predict the absorption spectrum of the printed films for any printer
input. This model is employed for the application of the epidermal melanin phantoms. The
possibilities for printing spatially resolved absorbers are evaluated for the photoacoustic phantoms
and tested for imaging accuracy using a handheld probe.

2. Methods

In this section, we present a detailed description of thin film phantom preparation, the employed
printing procedure and the characterization of the printed phantoms. We then present how to use



Research Article Vol. 14, No. 9 / 1 Sep 2023 / Biomedical Optics Express 4487

the method for two applications, mimicking the epidermal melanin layer, and in photoacoustic
imaging.

2.1. Phantom layers

2.1.1. Material selection

Polyurethane is selected as the printing material because the thermal, optical, and acoustic
properties are well suited for this application. The melting temperature of polyurethane is
180◦C, which can withstand the fuser temperature of the printer used in this study (175◦C for
the Xerox 7800i series printer). The optical absorption of polyurethane is 0.001 − 0.005 mm−1

in the visible and near-infrared (NIR) wavelengths, which minimizes background absorption
[28]. The refractive index of polyurethane is 1.41 − 1.58, which is within the range of the
refractive index of soft tissue (1.35 − 1.55) [29,30]. Polyurethane polymer has a reported linear
frequency-dependent attenuation coefficient of 4 dB cm−1 MHz−1 in the 1–10 MHz range and
close acoustical impedance (1.7 × 106 Pa s m−1) to that of biological tissues [31]. Based on the
composition, polyurethane has been shown to be tunable to the acoustic attenuation coefficient
of soft tissue 0.1–1.6 dB cm−1 MHz−1 [31,32]. Further, literature shows a range of speed of
sound for polyurethane based on the composition from 1395 to 1615 m s−1 [33,34], with a typical
value of 1497 m s−1 [35]. The speed of sound is within the range 1450 – 1730 m s−1 for tissue
[32]. Another important advantage of polyurethane is that it is a widely used material in medical
applications and it is commonly available in thin film applications, for example in dressing and
ultrasound transducer protection covers.

We used two commercially available polyurethane films in this work: (i) Tegaderm transparent
adhesive dressing film (3M, Delft, The Netherlands) with a thickness of ∼ 40 µm and (ii)
ultrasound protection cover (PCU Protection Cover Ultrasound B.V, The Netherlands) of
thickness ∼ 60 µm. The films were selected based on the target application. Tegaderm was
selected as a substrate for mimicking the epidermal melanin layer, because the film must be
flexible and attachable to the skin, to the optical device, or to other phantom materials that e.g.
mimic the dermis. To create photoacoustic phantoms, the adhesivity of the film is not necessary,
but the film should be non-stretchable to ensure that the printed phantom matches the digital
image. To meet this requirement, we selected an ultrasound transducer protection cover (US
cover) for this application.

2.1.2. Printing procedure

Figure 1(A) presents a schematic overview of the printing procedure. The printer used in
this study is a standard office laser printer (Xerox 7800 series, type WorkCentre 7835i). This
printer utilizes four toner colors, namely cyan (C), magenta (M), yellow (Y), and black (K),
with corresponding Xerox WW metered codes of 006R01512, 006R01511, 006R01510, and
006R01509.

Proper alignment of the polyurethane film for printing was achieved by printing a guide square
with the desired size on A4 paper. The transparent polyurethane film (35× 35 mm2 for epidermal
melanin phantoms and 120 × 60 mm2 for photoacoustic phantoms) was positioned over this
square and fixed with tape (Scotch Magic tape) on the edges of the film, avoiding the printing area.
Next, the paper with the polyurethane film was printed again, thus assigning the desired printer
input to the location of the guide square where the film was attached. After printing, the tape was
removed without causing any damage to the polyurethane films. Please note that no stacking of
polyurethane films is applied in this study. All phantoms consist of a single polyurethane film,
only the print opacity was varied between films.

For this study, the input settings for printing and communication with the printer were achieved
through the open-source graphics software Inkscape (version 1.2). These input settings consist
of two variables that together define the print color and opacity: the color opacity for each
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Fig. 1. Phantom development procedure and optical characterization. (A) (Left) Phantom
preparation using printing technology by selecting the desired opacity levels of toner to
control the optical properties. (Right) Two target applications for a series of melanin
phantoms and a vascular phantom. Please note that no stacking of polyurethane films is
applied. All phantoms consist of single polyurethane films. (B) Collimated transmission
setup to measure the optical properties of the printed phantoms. (C) Schematic illustration
of the OCT B-scan analysis of a polyurethane film on a glass plate. The film has an actual
thickness of d and an optical thickness of L = dn, with n the refractive index of the film
material. (D) A use case of the phantom in photoacoustic imaging, demonstrating the
measurement of the elevational field of view of a transducer with a printed phantom oriented
vertically to the transducer. (E) Imaging complex photoacoustic phantoms, where a phantom
holder is employed to align the phantom with the imaging plane.

individual toner color Oj (with j = C, M, Y , K) and the print opacity OP (ranging from 0% = no
ink to 100% = full ink coverage). As the print opacity OP scales the overall opacity of the print,
the total printed opacity per color OT ,j will be scaled down with respect to Oj if more colors are
included in the print. For example, if the color opacity Oj is set at 100% for two colors (e.g.
OC = 100%, OM = 100%, OY = 0% and OK = 0%) and the print opacity is set at OP = 100%,
then the total printed opacity will be 50% for cyan and 50% for magenta. Thus, the total printed
opacity per color OT ,j is defined as

OT ,j =
OjOP

J × 100%
, (1)
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where J is the total number of colors that will be printed. If multiple toner layers l are printed
on top of each other by printing a single film multiple times, this will further increase the total
printed opacity to

OT ,j =

L∑︂
l=1

OT ,j,l, (2)

with L being the total number of printed toner layers on top of a single polyurethane film and
OT ,j,l the total printed opacity per color per toner layer. Please note that the concept ’layer’ here
should not be confused with the digital namesake used to identify multiple objects or layers in
Inkscape and other graphics software. In case the print settings Oj,l and OP,l are identical for each
printed toner layer and the print opacity OP,l is always set at 100%, we can simplify Eq. (2) to

OT ,j =
L
J

Oj,l. (3)

To facilitate phantom design, ideally, the optimal print settings for a desired absorption
coefficient spectrum µa(λ) as a function of the wavelength λ should be defined. This is possible
if the absorption coefficient spectra µa,j(λ) of the pure toner colors at an opacity OP = 100% are
known. In that case, µa(λ) can be defined as

µa(λ) =
∑︂

j
µa,j(λ)OT ,j. (4)

The optimal print settings OT ,j can be derived from Eq. (4) if the desired µa(λ) is defined
within the wavelength range of the known µa,j(λ) of the pure toner colors. In Section 2.1.4
we give an example of how these optimal print settings can be derived for the application of
epidermal melanin phantoms.

2.1.3. Printed films: pure toner colors

For all pure toner colors (C, M, Y , and K), we generated a series of printed Tegaderm films with
opacities (OT ,j) that ranged between 25% and 175%. An overview of these samples and the
corresponding printer input settings are provided in Table 1. Three Tegaderm films were printed
with identical printer input settings for each OT ,j, in order to evaluate the reproducibility of the
phantom fabrication process. The attenuation and absorption coefficient spectra were measured
using a collimated transmission setup (Section 2.2.1), the thickness and refractive index were
evaluated using optical coherence tomography (Section 2.2.2), and the microscopic structure was
evaluated using white light microscopy (Section 2.2.3). The same measurements were performed
on 15 unprinted films for both polyurethane film types (Table 1).

2.1.4. Application 1: homogeneous epidermal melanin phantoms

For the application described next, we develop a series of epidermal melanin phantoms that can
be used to evaluate the influence of skin pigmentation on transcutaneous bilirubin measurements.
Transcutaneous bilirubin meters are optical devices that estimate bilirubin concentrations in the
skin of jaundiced newborns. Bilirubin concentrations are derived from the optical attenuation
at two or more wavelengths and one or more optical path lengths, thereby aiming to correct
the background absorption of hemoglobin and melanin [36]. Two of the most commonly used
transcutaneous bilirubin meters in the clinic are the JM-103 and the JM-105 (Draeger Medical,
Lübeck, Germany), which operate at 450 and 550 nm. The average thickness of the newborn
epidermis (∼ 43 µm) is comparable to the thickness of the Tegaderm films used in this study
(∼ 40 µm) [26].

Whereas we have focused on the development of dedicated dermal phantoms for transcutaneous
bilirubin measurements in our previous work [36,37], these phantoms did not yet incorporate
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Table 1. Overview of phantom series only with pure toner colors.

Film type Printer input setting Number of films

OT ,j (%) Oj,l (%) L

Unprinted films
Tegaderm - - - 15

Ultrasound cover - - - 15

Tegaderm 25 25 1 3

pure colors 50 50 1 3

(j = Y , M, C, K) 60 60 1 3

75 75 1 3

90 90 1 3

100 100 1 3

125 100 (l = 1) 2 3

25 (l = 2) 2 3

150 100 (l = 1) 2 3

50 (l = 2) 2 3

175 100 (l = 1) 2 3

75 (l = 2) 2 3

Ultrasound cover 30 30 1 3

pure colors 60 60 1 3

(j = K) 100 100 1 3

the epidermal attenuation by melanin. To develop a series of epidermal phantoms with varying
melanin concentrations, we have to match the optical absorption of the printed films at two
wavelengths (450 and 550 nm) with the known melanin absorption spectra from the literature.
Literature values for the epidermal absorption are obtained from Jacques [30] for six different
volume fractions of melanosomes fmel, as presented in Table 2. This range of melanosome volume
fractions corresponds to a range of light skin (1.3–6.3%) to moderately pigmented skin (11–16%),
to darkly pigmented skin (18–32%) [38]. Whereas Jacques reports melanosome volume fractions
up to 45% [38], we limit the range here to 32% because neonatal skin is significantly less
pigmented than adult skin [39,40]. Exact values for melanosome volume fractions in neonatal
skin have not been reported in the literature.

We obtain the optimal printer input settings for the desired absorption coefficients with Eq. (3)
and (4) for two toner colors (yellow and magenta), at 450 and 550 nm. Hereto, the measured
absorption spectra µa,j(λ) for the phantoms printed with pure toner colors are used (Table 1 and
Fig. 3). A possible solution for the optimal printer settings is given in Table 2. For this solution,
the maximum opacity for yellow is set at 60%, the color opacities per printed toner layer (OY ,l
and OM,l) remain constant, and only the number of printed toner layers L varied.

A series of epidermal melanin phantoms are printed using the input settings from Table 2. The
attenuation and absorption coefficient spectra are measured using a collimated transmission setup
(Section 2.2.1). Three Tegaderm films are printed with identical settings for each fmel, in order to
evaluate the reproducibility of the phantom fabrication process. For each fmel, the attenuation
and absorption coefficient spectra of one printed film are retrieved at five different locations to
analyze the homogeneity of the phantoms.
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Table 2. Overview of epidermal melanin phantoms: desired optical properties and corresponding
printer input settings. a

Phantom
name

Desired values from literature [30] Printer input settings

Melanosome
volume
fraction (%)

Absorption
(µa) at 450 nm
(mm−1)

Absorption
(µa) at 550 nm
(mm−1)

OT ,Y
(%)

OT ,M
(%)

OY ,l
(%)

OM,l
(%)

L

L0 0 0.2 0.1 0 0 0 0 0

L1 8 7.9 4.0 30 11 60 22 1

L1.5 12 11.7 6.0 45 16.5 60 22 1.5∗

L2 16 15.6 8.0 60 22 60 22 2

L3 24 23.3 11.9 90 33 60 22 3

L4 32 31.0 15.9 120 44 60 22 4

aPhotographs of the resulting phantoms are presented in Fig. 6. (∗ L1.5 was printed with two toner layers: the first toner
layer with print opacity Op = 100% and the second toner layer with Op = 50%.)

2.1.5. Application 2: spatially resolved photoacoustic phantoms

In this study, we develop thin, spatially resolved absorbing printed phantoms specifically designed
for photoacoustic imaging applications. We present three distinct phantoms and explored two
primary use cases. Firstly, we employed the phantoms to characterize a photoacoustic system,
and secondly, we utilized them to acquire experimental photoacoustic images with digital ground
truth. Additionally, we investigated the impact of tuning the optical properties of the phantom
on the resulting photoacoustic signal. Detailed photographs of these three phantoms can be
found in Section 3, accompanied by the corresponding results. All the photoacoustic phantoms
were printed using black toner color, following the printing procedure explained earlier. A
comprehensive photoacoustic imaging procedure is presented in subsection 2.2.4. The first
phantom consisted of 14 printed disks with a diameter of 0.3 mm, arranged in a line with a
center-to-center separation of 2.5 mm (Fig. 7(A)). This particular phantom served the purpose of
characterizing the spatial variation of photoacoustic imaging using a linear transducer array. A
maximum opacity level of 100% was selected for this phantom. The second set of phantoms
comprised nine printed films, each featuring three disks with a diameter of 2 mm, arranged
linearly with a center-to-center separation of 10 mm (Fig. 7(G)). These phantoms were designed
to explore the tunability of optical properties for photoacoustic phantoms, considering spatial
permutations of three different opacity levels: 33%, 66%, and 100%. Lastly, we utilized a widely
used digital image of a vascular structure that was originally designed by Treeby et al. [41]
to mimic blood vessels in a mouse brain. This digital vascular structure was printed with a
maximum opacity level of 100% on a thin polyurethane film (Fig. 8(A)), serving the purpose
of testing the accuracy of the proposed printing method in reproducing realistic blood vessel
structures. Additionally, it allowed us to evaluate the photoacoustic image reconstruction from
such structures.

2.2. Characterization and testing methods

Prior to all characterization measurements, the printed films were fixed on a slide projector frame
using the intrinsic adhesive layer for the Tegaderm film and Scotch tape for the US cover. To
ensure that the Tegaderm films were positioned in a reproducible manner, all films were slightly
stretched uniformly in one direction from their original length of 35 mm to 40 mm using the
slide projector frame as a reference.
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2.2.1. Collimated transmission

A collimated transmission setup (Fig. 1(B)) was built to measure the attenuation spectra of the
phantoms between 400−950 nm. The output spectrum of the light source (AvaLight-HAL-S-Mini,
Avantes, The Netherlands) was guided through a 600 µm core optical fiber (FC-UVIR600-1-BX,
Avantes, The Netherlands) and filtered by a blue glass filter in favor of the dynamic range towards
the blue edge of the spectrum. Subsequently, it was collimated by two lenses (f = 25.4 mm,
LA1951-A plano-convex, Thorlabs, USA) and guided through a 4.5 mm aperture (SM1D12,
Thorlabs, USA), before it was transmitted through the phantom (sample). After interaction with
the sample, the transmitted light was guided through two 4.5 mm apertures (SM1D12, Thorlabs,
USA) that were 32 cm apart from each other. Finally, the light was coupled into a 400 µm
core fiber (FT400EMT, Thorlabs, USA) that guided the light towards the detecting spectrograph
(ULS2048CL-EVO-RS-UA, Aventes, The Netherlands).

The attenuation coefficient spectrum µt(λ) of the phantom was calculated using Beer’s law as
follows

µt(λ) = −
1
d

ln
(︃
IT (λ) − IB,T (λ)

I0(λ) − IB,0(λ)

)︃
, (5)

with IT (λ) the transmitted spectrum through the phantom (sample), I0(λ) the reference spectrum,
IB,T (λ) and IB,0(λ) the background spectra for the sample and reference measurement, respectively,
and d the thickness of the phantom. For all sample measurements, the reference spectrum I0(λ)
was measured as the transmitted source spectrum through the collimated transmission setup
without the presence of a sample. All background spectra IB(λ) were acquired by blocking the
source light from reaching the detecting spectrograph. The thickness d of the phantom was
obtained by OCT (Section 2.2.2) as the average d of 15 films.

The attenuation coefficient spectrum is composed of the sum of the scattering µs(λ) and
absorption coefficient spectrum µa(λ) of the phantoms: µt(λ) = µs(λ) + µa(λ). For those toner
colors with negligible absorption in the near-infrared region of the attenuation spectrum (yellow
and magenta), the individual contributions of µs(λ) and µa(λ) were separated by least-squares
fitting of a scatter power function to the scattering coefficient between 650 − 950 nm as

µs(λ) = aλ−b, (6)

with free-running fit parameters a (scaling factor) and b (scatter power). Extrapolation of this
scatter power function results in a scattering coefficient spectrum for the full wavelength range of
400 − 950 nm. Subsequently, µa(λ) can be obtained through

µa(λ) = µt(λ) − µs(λ). (7)

For those toner colors with non-negligible absorption in the near-infrared region of the
attenuation spectrum (cyan and black), no separation of µs(λ) and µa(λ) was performed for this
study.

2.2.2. Optical coherence tomography

A visible-light optical coherence tomography (OCT) system with a center wavelength of 550 nm
and an axial resolution of 2.3 µm was used to characterize the thickness and refractive index
of the polyurethane films, similar to the approach of Sorin and Gray [42]. The details of this
home-built system are described in our previous work [43–45]. To quantify both thickness and
refractive index, a small opening was cut in the phantom and it was placed on a glass slide, as
schematically illustrated in Fig. 1(C). Subsequently, an OCT B-scan was made at the location of
the edge of the opening of the phantom. The intensity peaks on the individual A-scans were fit to
Gaussian functions and their locations were used to estimate the positions of surface reflections
on the depth axis.
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As shown in Fig. 1(C), the distance between the upper film surface reflection and the surface
reflection of the glass plate in the opening was used to quantify the thickness of the phantom, d.
Inside the phantom, the optical distance L between the upper and bottom phantom surface is
elongated with respect to the actual thickness d by the refractive index of the phantom material n,
according to L = dn. We used this relation and the previously found thickness d, to characterize
the refractive index n of the films.

2.2.3. White light microscopy

A white light microscope (Zeiss Axiovert 200M, Carl Zeiss AG, Jena, Germany) with a 5×
objective was used to evaluate the microscopic structure of the printed phantoms. The resulting
images were analyzed using the Otsu method in MATLAB (MathWorks, version R2022b) to
determine the surface coverage, which is defined as the percentage of the film covered with toner
[46]. The Otsu method is based on image thresholding, which involves segmenting the image
by minimizing the within-class variance of the pixels, resulting in a binary classification of the
pixels as foreground (toner) or background (film).

2.2.4. Photoacoustic imaging

We utilized a handheld LED-based photoacoustic imaging system (Cyberdyne Inc., Japan) for
our experiments. LED arrays consisting of 36 × 4 elements operating at a wavelength of 850 nm
were employed as the light source, as previously reported [47,48]. Each LED array provided
a pulse energy of 200 µJ with a pulse duration of 70 ns and a pulse repetition rate of 4 KHz.
For acoustic detection, we employed a linear transducer array comprising 128 elements with a
center frequency of 7 MHz and an 80% bandwidth. The imaging process involved averaging
2560 transducer sensor data to form the sinogram used for reconstruction. To reconstruct the
photoacoustic images, we employed a Fourier domain reconstruction algorithm described by
Jaeger et al. [49]. The optimal speed of sound for the reconstruction was empirically set to 1450 m
s−1 by reconstructing printed with point targets at multiple depths, utilizing the first photoacoustic
phantom described in Section 2.1.5. This adjustment accounted for wave propagation through
the polyurethane film and water-based tissue-mimicking medium. To facilitate visualization and
comparison, both the ground truth and reconstructed images were normalized to their maximum
values.

A 3D-printed phantom holder was utilized to ensure proper alignment of the phantoms within
the imaging plane of the linear array, as depicted in Fig. 1(D) and (E). The phantom holder
incorporated an attachment mechanism specifically designed to securely clamp the printed films,
ensuring consistent and repeatable placement of the phantoms at the center of the transducer.

Two different photoacoustic imaging configurations were employed in this study. In the first
configuration, the phantom holder was detached from the transducer, as illustrated in Fig. 1(D).
Four LED arrays were stacked and affixed to the 3D-printed phantom holder, positioned at
a distance of 15 mm from the printed phantom. The ultrasound transducer was mounted on
a linear translational stage and separated from both the LED arrays and the phantom holder.
This configuration enabled imaging of the phantom at various elevational distances from the
transducer’s imaging plane center. In the second configuration, the phantom holder was directly
attached to the photoacoustic probe, as shown in Fig. 1(E). Two LED arrays were situated on
either side of the transducer in a conventional manner. The second configuration allowed precise
imaging of the phantom at the exact center of the imaging plane of the linear transducer array.
All experiments were conducted by vertically aligning the film with the imaging plane of the
linear array.

The first experiment aimed to study the elevational field-of-view and spatial variation of the
photoacoustic signal. For this purpose, the first photoacoustic phantom, featuring 14 point targets
along the depth direction (Fig. 7(A)), was utilized. To ensure uniform illumination of the targets,
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we employed the first configuration described earlier, along with a scattering medium. The
scattering medium was created by adding 220 ml of a 20% intralipid stock solution (Fresenius
Kabi, Bad Homburg, Germany) to 4 liters of water in a glass tank, resulting in a reduced scattering
coefficient of 10 cm−1 at 850 nm. Photoacoustic images were collected with elevational steps of
25 µm, covering a total scan distance of 10 mm. In the second set of experiments, phantoms P1
to P9 were positioned at the center of the imaging plane of the transducer. These phantoms were
immersed in a tissue-mimicking medium with a reduced scattering coefficient of 10 cm−1 and
an absorption coefficient of 0.1 cm−1 at 850 nm. To mimic the absorption, we added 59 µl of
India ink (Talens, The Netherlands) stock solution to the water with a dilution factor of 67796.
The positioning of the phantoms along the depth direction was manually adjusted to maintain
their location at 20 mm from the transducer within the focal zone. This set of experiments aimed
to evaluate the change in photoacoustic signal for different levels of optical properties defined
in phantoms P1 to P9. The optical attenuation coefficient for these opacity levels was obtained
using the collimated transmission measurements as explained above. The third phantom, referred
to as the vascular phantom, was imaged in a similar manner. The positioning of the phantom
with respect to the transducer can be seen in Fig. 1(E). The vascular phantom was imaged under
three different conditions: (i) in water, (ii) in a scattering medium with a reduced scattering
coefficient of 10 cm−1, and (iii) in a medium with both a reduced scattering coefficient of 10
cm−1 and an absorption coefficient of 0.1 cm−1 at 850 nm. These variations allowed us to assess
the phantom’s imaging performance in different optical environments.

The analysis of photoacoustic images was performed using the following procedures. For the
first phantom with point targets, the lateral point spread functions were examined by extracting
line profiles along the peak photoacoustic signal observed for each target. To assess the elevational
field of view, a maximum intensity projection along the lateral direction for the elevational scans
was generated, and the line profile passing through the peak value for each target was analyzed. To
analyze the photoacoustic signal intensity for phantoms P1 to P9, a region of interest measuring
2 mm × 2 mm was selected. The sum of pixel values within this region of interest was compared
across the three opacity levels and attenuation coefficients. For the vascular phantoms, firstly,
the reconstructed images were coregistered to the corresponding ground truth digital image.
MATLAB Image Registration app was employed for image coregistration using features-based
translation. The coregistered images were then evaluated using full-reference quality metrics,
specifically the structural similarity index (SSIM) [50] and peak signal-to-noise ratio (PSNR), to
assess the quality of the reconstructed images.

3. Results

3.1. Polyurethane film characterization

Figure 2(A) shows the average attenuation spectra of 15 unprinted polyurethane films for both film
types (Tegaderm and US cover). With standard deviations (SDs) of ±2 mm−1 (5%; Tegaderm)
and ±0.36 mm−1 (2%; US cover), the films are fairly reproducible in terms of optical attenuation.
When assuming negligible absorption for the unprinted polyurethane films in this wavelength
range (0.001 – 0.005 mm−1 [28]), the measured attenuation spectra approach the scattering
coefficient spectra of the films. The measured values are similar to the reported scattering
coefficients of various epithelial tissue types in the investigated spectral range, which range
from approximately 2.2 – 50 mm−1 [51]. Figures 2(B) and 2(D) show the microscopic structure
of both polyurethane film types. Some dust particles and several mild inhomogeneities can
be observed in the film material. The same films were printed with 0% opacity (OT ,j), which
effectively means that it was sent through the printer without any active printing process. As can
be observed in Figs. 2(C) and 2(E), this process introduces mild contamination with trace toner
particles of all colors. Whereas those particles have no significant effect on the Tegaderm film



Research Article Vol. 14, No. 9 / 1 Sep 2023 / Biomedical Optics Express 4495

attenuation spectrum, they induce slight changes in attenuation for the US cover film (Fig. 2(A),
dashed lines).
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Fig. 2. (A) Average attenuation spectra (solid lines) and standard deviation (shaded areas)
of 15 unprinted polyurethane films for both film types (Tegaderm and US cover). The dashed
lines present the attenuation spectra of both film types after printing with an opacity OT ,j of
0% (no active printing process). (B) and (D) Microscopic images of the unprinted Tegaderm
and US cover, respectively. (C) and (E) Microscopic images of the Tegaderm and US cover,
respectively, after printing with an opacity OT ,j of 0% (no active printing process). The
scale bar size is 300 µm for all microscopy images.

The OCT evaluation of 15 unprinted films for both film types (Tegaderm and US cover)
resulted in a thickness of 39.2± 3.0 µm (Tegaderm; average ± SD) and 57.0± 7.7 µm (US cover).
The resulting refractive indices were 1.71 ± 0.10 (Tegaderm) and 1.47 ± 0.04 (US cover). For the
Tegaderm films only, we observed a bi-layer structure in the OCT images. This finding can be
attributed to the adhesive layer that is present on top of the polyurethane layer in the Tegaderm
films.

3.2. Printed polyurethane films

Figures 3(A), C, E, and G, present the results of the attenuation coefficient spectra of the Tegaderm
films with pure toner colors (Y , M, C, and K) for different opacities OT ,j. Figures 3(B), D, F, and
H, show that the attenuation increases linearly with opacity at the absorption peak for each toner
color. Linear fits of the type µt = αOT ,j + β through the data in Fig. 3(B), (D), (F), and (H) (solid
lines) resulted in fit coefficients α = [0.61, 0.68, 0.42, 0.75] and β = [30.0, 32.4, 34.1, 18.9] for
yellow, magenta, cyan and black, respectively. The insets show the microscopic structure of the
printed films at an opacity of 50% for each color, with observable clusters of toner particles that
are approximately 100 µm in diameter. Similar to Fig. 2(C) and (E), mild contamination with
trace particles of other toner colors can be observed in each microscopy image.

Figure 4(A) shows how the microscopic structure changes with opacity. Up to OT ,j = 100%
opacity, individual clusters of toner particles can be observed, which increase in size with
increasing opacity. For opacities of 100% and beyond, no individual clusters are recognizable,
but color intensity increases further with opacity. For opacities OT ,j<100%, we analyzed the
surface coverage as the percentage of the image area that contains magenta toner particles using
the Otsu method (Section 2.2.3). A linear relationship between the surface coverage and opacity
can be observed in Fig. 4(B). The OCT evaluation of these printed films indicated that there
was no significant change in film thickness and refractive index after printing. This suggests
that the layer of toner particles is thinner than the axial resolution of the OCT system (2.3 µm).
For the pure colors yellow and magenta, the measured attenuation coefficients were corrected
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Fig. 3. Attenuation spectra for different opacities (OT ,j) of the printed polyurethane films
(Tegaderm) with pure toner colors: (A) yellow, (C) magenta, (E) cyan, (G) black. Solid
lines present the average attenuation spectrum per opacity OT ,j, and shaded areas around
the line present the standard deviation of µt for 3 independently printed films. Average
attenuation coefficient and standard deviation (error bar) versus opacity OT ,j around the
center of the attenuation peak: (B) yellow (445 − 455 nm), (D) magenta (545 − 555 nm),
(F) cyan (670 − 680 nm), (H) black (670 − 680 nm). Solid lines in (B), (D), (F), and (H)
represent linear fits of the data. Insets show the microscopic structure of the printed films at
an opacity of OT ,j = 50% for each color. The scale bar size is 200 µm for all microscopic
images.
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for the scattering contribution using Eqs. (6) and (7). Figure 5(A) presents the fitted scattering
contribution (dashed lines) for an opacity OT ,j of 100%. The resulting absorption coefficient
spectra are shown in Fig. 5(B). Figures 5(C) and (D) show the absorption coefficients as a
function of opacity for yellow and magenta, respectively. Linear fits of the type µt = αOT ,j + β
through the data in solid lines in Fig. 5(C) and (D) resulted in fit coefficients α = [0.28, 0.41]
and β = [−4.9,−7.5] for yellow and magenta, respectively. In comparison to the attenuation
coefficient fits (Fig. 3(B), (D), (F), and (H)), the absorption coefficient fits are close to crossing
the origin of the plots (Fig. 5(C) and (D)). This indicates a reasonable correction for the scattering
contribution to the attenuation coefficients of the yellow and magenta toner.

Fig. 4. (A) Microscopic structure of printed films at different opacities OT ,j for pure
magenta. The scalebar is 300 µm for all images. (B) Surface coverage versus opacity OT ,j
for opacities up to 100%.

Fig. 5. (A) Attenuation coefficient spectra of the printed Tegaderm films for yellow and
magenta (OT ,j = 100%) with corresponding scatter power fits using Eq. (6). (B) Absorption
coefficient spectra for yellow and magenta (OT ,j = 100%), obtained using Eq. (7). (C) and
(D) absorption coefficient versus opacity (OT ,j) for yellow and magenta, respectively. Solid
lines present linear fits.
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3.3. Application 1: homogeneous epidermal melanin phantoms

Figure 6 displays the microscopic appearance and absorption coefficient spectra of a series of
six epidermal melanin phantoms as specified in Table 2. Since these phantoms were printed
with yellow and magenta toner only, the µa was retrieved using Eqs. (6) and (7). The phantoms
mimic six different melanosome volume fractions fmel, for which the literature spectra that
optimally match the measured absorption are presented with dashed lines [30]. Note that
the phantom absorption is matched with the desired literature values at only two wavelengths
(450 and 550 nm), as these are the wavelengths at which commercial transcutaneous bilirubin
meters operate. For all mimicked fmel, a slight difference exists between the target fmel (Table 2:
0%, 8%, 12%, 16%, 24%, 32%) and the fmel that best matches the measured phantom absorption
at 450 and 550 nm (Fig. 6: 0%, 5%, 11%, 19%, 28%, 40%). For phantoms L0, L1, L1.5, L2,
and L3, these differences amount maximally 4%, which can be ascribed to the inaccuracy of
the printing process. For the highest mimicked fmel in phantom L4, the difference between the
target and printed fmel amounts to 8%, which can additionally be ascribed to the limitations in the
dynamic range of the collimated transmission setup for measuring high absorption values.

Fig. 6. (A-F) Photographs (35 × 23 mm2) and microscopic structure (scale bar 300 µm) for
the six epidermal phantoms that mimic a range of melanosome volume fractions fmel at 450
and 550 nm, as specified in Table 2. (G) Absorption coefficient spectra for all phantoms
(solid lines). Dashed lines present the literature values that best match the measured fmel,
which differ slightly from the target fmel in Table 2 due to inaccuracies in the printing process
and the limited dynamic range of the collimated transmission setup for high absorption
values. Vertical lines at 450 and 550 nm highlight the wavelengths at which the phantom
absorption was matched with the literature values.

The reproducibility of the printing process for these epidermal melanin phantoms was evaluated
by printing three individual films per mimicked fmel. The standard deviation of the absorption
coefficient over these three phantoms ranged between 14.7 − 32.9% of the average µa at 450
and 550 nm. Variations between films in the polyurethane film material, film preparation, and
the printing process contribute to this variation. The homogeneity of the printing process for
these epidermal melanin phantoms was evaluated by examining the spatial variation in µa at five
different locations in each phantom. The standard deviation of µa within a single phantom ranged
between 8.4 − 23.8%. Spatial variations within films in polyurethane material and disuniform
printing contribute to this variation.

3.4. Application 2: photoacoustic phantoms

Figure 7(A) presents a photograph of the printed phantom featuring fourteen point targets. In
Figs. 7(B), (C), and (D), we observe photoacoustic images of the point targets positioned at
−2.5 mm, 0 mm, and 2.5 mm relative to the presumed transducer center, respectively. For a
comprehensive analysis, Fig. 7(E) exhibits a stacked plot of line profiles along the lateral direction
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(axis along the transducer elements) for all the observed targets in the photoacoustic images.
Notably, the line profiles represent the peak values of the point targets and are normalized for
optimal visualization. The red dashed line in Fig. 7(E) illustrates the contour plot representing the
full-width half maximum (FWHM) of the observed point spread functions (PSFs). Additionally,
the elevational field of view is depicted in the stacked plot of Fig. 7(F), which demonstrates
the normalized maximum intensity projection along the lateral direction as a function of the
elevational distance from the center of the imaging plane. The red dashed line in Fig. 7(F)
illustrates the contour plot representing the FWHM.

By orienting the film vertically in the imaging plane of the linear array, we obtained an estimate
of the transducer center by linearly translating the transducer and determining the location where
the photoacoustic signal reached its maximum for all the targets. Figure 7(C) illustrates this
observation, where the photoacoustic signal peaks for targets 4 to 7 within the transducer’s focal

Fig. 7. (A) Photograph of the printed phantoms showcasing point targets at various depths.
(B) Point spread function (PSF) at -2.5 mm from the estimated center of the transducer. (C)
PSF at the presumed transducer center. (D) PSF at 2.5 mm from the transducer center. (E)
Lateral line profile through PSF for targets at different depths. (F) Elevational field of view
plot indicating peak signal intensity at varying distances from the transducer center. (G)
Ground truth image of nine printed disc phantoms (P1 - P9) with permutations of different
opacity levels (OT ,j = 33, 66, and 100%). Photograph of one of the phantoms at the bottom
(H) Corresponding photoacoustic images of phantoms (P1 - P9). (I) The plot of optical
attenuation coefficient measurements on printed films against opacity levels. (J) The sum of
the photoacoustic signal within the disk regions of interest for the nine phantoms (P1 - P9)
corresponds to the three opacity levels.
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zone along the depth direction. In Figs. 7(B) and 7(D), we can observe that the photoacoustic
signal deteriorates as the distance from the center increases, with maximum signal intensities
observed for off-focal targets 2-3 and 8-13. Furthermore, Figs. 7(B), (C), and (D) clearly show
that narrow PSFs are obtained along the lateral direction within the transducer’s focal zone, while
the PSFs become broader for targets on both sides of the focal zone. This aspect is highlighted in
Fig. 7(E) through the contour plot overlaid on the lateral PSFs. The FWHM of the targets varies
from 0.46 mm for target 1 (at a depth of 8 mm) to a minimum of 0.33 mm for target 6 (at a depth
of 20.5 mm) within the focal zone and increases to 0.61 mm for target 13 (at a depth of 38 mm).
Here, we consider the range of the best FWHM values observed from 0.33 mm to 0.35 mm to
define the transducer’s focal zone, where it achieves high resolution. Figure 7(F) demonstrates
that as the target moves farther away from the transducer, more out-of-plane signals are collected.
Interestingly, the FWHM increases from 1 mm for target 1 (at a depth of 8 mm) close to the
transducer, to 3 mm for target 13 (at a depth of 38 mm) further away from the transducer. This
indicates that a linear array collects the photoacoustic signal over a wider range than an ideal 2D
imaging plane, and the contribution of out-of-plane signals increases with depth.

Figure 7(G) shows nine disk phantoms (P1 to P9), each having three opacity levels: 33%, 66%,
and 100%. Figure 7(H) are the corresponding reconstructed photoacoustic images. As shown in
Fig. 7(G), phantoms with 100% opacity have the highest photoacoustic signal intensity, followed
by 66% and 33% opacity. The optical attenuation coefficient of the three opacity level phantoms
is shown in Fig. 7(I) with a mean value of 27.9, 55.3, and 79 mm−1 for OP = 33, 66, and 100% at
850 nm respectively. The sum of the photoacoustic signal of each disk phantom against opacity
levels is presented in Fig. 7(J).

Opacity levels and total attenuation coefficient show a linear relation with an R2 of 0.985.
Assuming the ink particles are dominantly absorbing and have minimal scattering contribution
with an increase in opacity, the optical absorption coefficient changes linearly with the opacity
levels. The photoacoustic signal is directly proportional to the optical absorption for a constant
light fluence. This aspect is depicted in Fig. 7(J), as the photoacoustic signal intensity increases
with the opacity levels. The mean photoacoustic signal from the discs increased as the opacity
level increased from 33% to 66% and 100%, with values of 1, 4, and 12, respectively. However,
there was some deviation in the measurements, which might be due to the positioning of the
phantom along the depth and the imaging plane.

Figure 8(A) presents a photograph of the printed vascular phantom. Figures 8(B), (C), and (D)
display the photoacoustic images acquired with the film positioned vertically, at the imaging plane
of the linear transducer array. Figure 8(B) illustrates the imaging of the phantom in water, while
Fig. 8(C) demonstrates imaging in a scattering medium with a reduced scattering coefficient
of µ′s = 10 cm−1. Figure 8(D) exhibits imaging in a scattering and absorbing medium with a
reduced scattering coefficient of µ′s = 10 cm−1 and an absorption coefficient of µa = 0.1 cm−1.
In Fig. 8(E), an overlaid image is presented, depicting the ground truth vascular phantom in blue
along with the photoacoustic image from Fig. 8(B). The spatial misalignment of the experimental
image is visibly apparent. Finally, Fig. 8(F) illustrates the coregistered image, displaying the
overlapping ground truth and experimental images.

The results depicted in Fig. 8 emphasize the advantage of employing this phantom, as it
enables the acquisition of experimental images with accurate digital ground truth for structurally
complex phantoms. Moreover, these results demonstrate the versatility of the phantom approach,
facilitating imaging in various mediums with different optical properties. Figure 8(B), (C), and
(D) exemplify this capability by presenting images obtained in water, a scattering medium, and
a combined scattering and absorbing medium, respectively. It is noticeable from these images
that the optimal imaging depth is achieved in water, followed by the scattering medium, and the
least optimal depth is achieved in the combined absorbing and scattering medium. By setting a
noise threshold of 0.02 on the normalized images, the deepest targets observed were 29.2 mm in
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Fig. 8. (A) Photograph of the printed vascular phantom. (B) Photoacoustic image of the
phantom positioned in the transducer’s imaging plane, using water as the medium. (C)
Photoacoustic image of the phantom within a scattering medium with a reduced scattering
coefficient of µ′s = 10 cm−1. (D) Photoacoustic image of the phantom within a medium with
a reduced scattering coefficient of µ′s = 10 cm−1 and an absorption coefficient of µa = 0.1
cm−1. (E) Overlay of the ground truth image (blue) and the experimental image (green)
from (B). (F) Coregistered ground truth (blue) and experimental (green) images.

water, 26.9 mm in the scattering medium, and 23.6 mm in the combined absorbing and scattering
medium. The SSIM values for the images, compared to the ground truth, in these three mediums
are 0.90, 0.88, and 0.86, respectively. Additionally, the PSNR values are 18.38, 18.11, and 17.93,
respectively. These quality metrics were presented to demonstrate that the proposed approach
enables us to make a direct comparison with the ground truth digital image. Although the SSIM
and PSNR values exhibit a decrease when scattering and absorption are present in the medium,
the changes are not drastic due to the sparse nature of the imaged structure.

4. Discussion

In this paper, we presented a new methodology to fabricate thin phantoms with absorption
properties that are controllable in magnitude, spectral shape, and spatial distribution. We
developed a model to predict the optical properties of the phantoms based on the input settings
of the printer and we demonstrated the feasibility of our method for two relevant applications
in biomedical optics research. The most important asset and novelty of our methodology is its
accessibility, as it only requires a standard office laser printer and polyurethane films that are
low-cost and commonly available. As demonstrated in this study, the optical attenuation and
absorption of the printed films can be estimated based on the printer input settings (opacity).
This further facilitates a systematic phantom design. We expect that these thin phantoms can
have a valuable impact on biomedical optics research since they are less time-consuming and
inexpensive to fabricate compared to other methods that are currently available [1–6]. For the
appropriate application of our methodology, it is also important to consider its limitations, as well
as other considerations for successful implementation. In the remaining part of this discussion
section, we provide an overview of these aspects.
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4.1. Controllability of optical properties

The optical absorption of the phantoms is controllable by tuning the opacity of the toner colors
(C, M, Y , K). It is important to note that the resulting absorption spectrum of the phantoms is
limited to a linear combination of the absorption spectra of the four toner colors. This poses no
problem for applications with only a few wavelengths in the visible wavelength range, such as the
example of epidermal melanin phantoms for transcutaneous bilirubin measurements given in this
paper. However, this method is less suited to accurately mimic broadband absorption spectra
with detailed absorption features.

The optical scattering properties of the phantoms fully depend on the scattering properties of
the polyurethane film and the toner. As such, control over the optical scattering properties is
limited to the choice of polyurethane film. The polyurethane films that were used in this paper
differed substantially in optical scattering (Fig. 2), but optical scattering was fairly reproducible
between polyurethane films of the same type. In favor of biomedical applications, the optical
scattering properties of the polyurethane films are within the biological range of tissue scattering
[30,52].

4.2. Optical property characterization

Although the phantom optical properties are predictable with reasonable reproducibility by using
the model proposed in this study, an exact estimate may be required in many experimental
situations. We, therefore, advise to always evaluate the optical properties of the phantoms after
printing. We used a collimated transmission setup for this purpose, which allows for measuring
the total optical attenuation coefficient of the phantoms. Separation of the absorption and
scattering contribution was achieved by fitting a scatter power function to the non-absorbing part
of the attenuation spectrum (650 − 950 nm) for those toner colors with negligible absorption
in the near-infrared region of the attenuation spectrum (yellow and magenta). To also separate
the absorption and scattering contribution of toner colors with non-negligible absorption in this
wavelength region (cyan and black), other characterization methods can be employed, such as
Kubelka Munk theory [53] and the inverse adding doubling method [54,55]. Using these more
advanced analysis methods will potentially allow correction of the layered distribution of the
polyurethane film and the toner color layer, which is not taken into account with the collimated
transmission. From the OCT characterization, the measured refractive index of Tegaderm (1.71)
is higher than the expected refractive index for polyurethane (1.41 − 1.58) [29]. This finding
may be ascribed to the presence of the adhesive layer in this film. Since the composition and
the refractive index of the adhesive are unknown, we used the measured value which comprises
both layers. Please note that this finding does not affect the measurement of the film thickness d,
which was measured independently of the refractive index (Fig. 1(C)). The measured refractive
index of the US cover (1.47) was within the expected range.

4.3. Microscopic structure

As can be observed in Fig. 4(A), the printing process induces inhomogeneities in toner distribution
on a microscopic scale with toner clusters of approximately 100 µm in diameter up to a print
opacity of 100%. This clustered distribution of absorption will affect light propagation on a
microscopic level. For measurement geometries that are sensitive to the microscopic scale,
this will need to be accounted for. However, for the collimated transmission measurements in
this study (illumination beam diameter of 4.5 mm), the spatial variation in optical absorption
within individual printed phantoms was relatively small. For the application of transcutaneous
bilirubin measurements, a similar argument holds for the diffusely scattered light that is collected
by the bilirubin meter (Draeger JM-103 and JM-105) in a circular detection geometry with
source-detector separations that range between 1.9 mm and 5.3 mm. Also, for the photoacoustic
imaging application, the toner cluster separation is smaller than the spatial resolution of the
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system (0.3 – 0.4 mm). The microscopic analysis in this study did not provide information on
how the toner particles are distributed in 3D when printed on polyurethane films. Since the
melting temperature of polyurethane (180◦C) is close to the fuser temperature of the printer
(175◦C), toner particles might be encapsulated by the film material. This could not be confirmed
by the OCT analysis of the printed films, due to limitations in spatial resolution.

4.4. Practical considerations

As the methodology of this study is based on the use of a standard office laser printer, it is
expected that printer type, toner type, and potentially other factors (printer age, maintenance,
toner availability, etc.) will affect the optical properties of the printed phantoms. We advise to
always evaluate the optical properties of the phantoms after printing. Some types of laser printers
add a machine identification code (MIC) to the printed area: a digital watermark of a certain
toner color to allow for identification of the printing device. No signature of MIC was observed
in the optical properties in this study. However, as shown in Fig. 2, the printer introduced mild
contamination with trace toner particles of all colors, even if no print assignment was applied
(opacity OT ,j = 0%). If desired, this contamination can potentially be avoided by removing those
toner cartridges that are not required for phantom printing.

4.5. Epidermal melanin phantoms

The epidermal melanin phantoms that were fabricated in this study are of particular interest for
the evaluation of the influence of skin pigmentation on transcutaneous bilirubin measurements
in newborns. As literature values for adult skin pigmentation were used as a reference in this
study, potential differences between adult skin pigmentation and newborn skin pigmentation
should be taken into account. Optimization of phantom absorption for other wavelengths also
opens possibilities to evaluate the influence of skin pigmentation for other optical modalities, for
example in pulse oximetry. The adhesive layer that is intrinsically present in the Tegaderm films
also has the potential to assist in-vivo evaluations, by applying the printed phantoms directly on
living skin.

4.6. Photoacoustic imaging phantoms

This study highlights our achievement in developing photoacoustic phantoms from digital ground
truth images, as demonstrated in Fig. 8. As the application of photoacoustic imaging expands
toward clinical settings, the importance of quantitative imaging continues to grow. Consequently,
it becomes imperative to evaluate these methods using phantoms that encompass a wide range
of tissue optical properties and exhibit complex tissue structures, while also providing accurate
ground truth information. The proposed phantom can be a potential candidate in this direction
with tunable optical properties. In our work, we successfully demonstrated two unique use cases
of this phantom. Firstly, we utilized the phantom to determine the elevational field-of-view, as
exemplified in Fig. 7. This application showcases the versatility of the phantom in characterizing
a photoacoustic imaging system. The amount of out-of-plane signal with depth as shown in
Fig. 7 can help to analyze photoacoustic images and might provide useful information to correct
for related artifacts. Secondly, we employed the phantom to obtain coregistered experimental
images, enabling direct comparison with the ground truth digital image, as depicted in Fig. 8. By
aligning the experimental images with the ground truth, one could assess the image quality to
optimize the system parameters.

However, this method does have some limitations. One major drawback is the thin nature of the
phantoms in this study. In photoacoustic imaging, particularly when utilizing a vertically-oriented
thin phantom in the imaging plane, there are limitations in its ability to accurately mimic actual
tissue characteristics. In reality, photoacoustic imaging that employs a linear array is inherently
three-dimensional, involving both light interaction and acoustic detection from a larger volume
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beyond the ideal imaging plane. While the light interaction can be faithfully replicated, the
acoustic propagation from a thin film will not be identical to that from a three-dimensional
structure. Although this aspect may pose limitations for certain organ-mimicking applications,
the thin-printed phantoms can be highly valuable for the characterization and optimization of
imaging systems, testing of image reconstruction, and quantification algorithms.

5. Conclusion

We introduced a user-friendly method to systematically design and fabricate thin phantoms with
controllable absorption properties using a standard office laser printer and polyurethane films.
We characterized the optical and geometrical properties of the polyurethane films and the printed
phantoms, using collimated transmission, optical coherence tomography, white light microscopy,
and photoacoustics. The characterization of the thin phantoms in terms of optical properties and
reproducibility of the printing process highlights the potential of our approach for biomedical
research and development. We demonstrated two potential applications: i) homogeneous
epidermal melanin phantoms and ii) spatially resolved absorbers for photoacoustic imaging.
Overall, this approach provides a promising alternative to traditional phantom fabrication methods
that are often complex, expensive, and time-consuming.
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